Abstract: Inspired by tenets of compressed sensing, we present and study a cost-effective compressive architecture for fast image acquisition in optical tomography that exploits wavelet compressibility of data. Theoretical results are validated by experimental studies.
Introduction
Compressed sensing is a growing branch of signal and image processing that probes the possibility of minimizing the redundancy and hence complexity of data collection hardware such as image acquisition instrumentation in medical or molecular imaging and microscopy [1] . Although generally Nyquist sampling rate [2] provides the lower bound on the level of data needed to obtain the entire information content in a measurement, compressed sensing provides the necessary tools for sub-Nyquist under-sampling in data collection scenarios where data follows a certain structure, e.g. edge sparsity in spatial domain [3, 4] . Single pixel measurements comprised of sensing total intensity of a pseudo-randomly on/off masked image using a digital micro-mirror device (DMD) array and a single optical detector are used in conjunction with a priori information regarding structure of the image to reconstruct the image [3, 4] . The compressive single detector architecture can be of interest especially in low-power scenarios where instead of expensive highly sensitive detector arrays or CCD cameras, image acquisition can be performed by a single sensitive detector, e.g. a photomultiplier tube, and a DMD array. In this work, we study the application of this compressive image acquisition architecture to fluorescence tomography.
Fluorescence tomography (FT) is an in vivo non-invasive 3D optical imaging modality employed for depthresolved localization and quantification of tagged inclusions, e.g. tumors or test drugs, deep in biological tissue [5] . In this imaging platform, the intensity of light emitted by optically excited fluorophores that label molecules or biological processes of interest deep in tissue is collected on the skin using optical detector arrays such as cooled CCD cameras. The boundary emission intensity measurements and optical properties of the tissue are then used in an inversion algorithm to localize and quantify the 3D distribution of inclusions tagged by fluorophores [5] . The propagation of light in tissue is diffusive and therefore the spatial intensity distribution of the diffused excitation light and fluorescence emission on the skin is smooth and possesses no sharp transitions or jumps [6] . Consequently, fluorescence tomography image data are well-approximated by low-order smooth 2D splines or similarly by smooth wavelet kernels and hence compressible in such bases [6] . This compressibility indicates a structure in images acquired in fluorescence tomography and can be exploited in a compressive architecture for image acquisition where, similar to [1, 3, 4] , instead of ultra-sensitive cooled CCD cameras, a DMD array and a single photomultiplier tube can be used to sense pseudo-randomly masked image data that are used along with the compressibility information to reconstruct the data images. In this work, we investigate the performance of compressive image acquisition architecture in fluorescence tomography.
Theory
The propagation of diffusive light in tissue-like media can be modeled by the diffusion equation that is a first order approximation to the radiative transfer equation (RTE) [5] .
where ( ) represents average light intensity, is the absorption coefficient, is the diffusion coefficient and ( ) is the source strength at location r. Therefore, tissue possesses diffusive effect on light and light emitted from fluorophores buried deep in tissue has smooth low-frequency distribution on skin making it compressible in smooth wavelet bases [6] . Therefore, data vector y can be represented in a smooth wavelet basis efficiently, (2) where Φ is the matrix representing the wavelet basis and w lists the wavelet coefficients representing y. Compressibility in a wavelet basis can be exploited in a compressive image acquisition architecture. Undersampled data from pseudo-random on/off masks can be used in conjunction with the compressibility notion to obtain y through l 1 regularization,
where s is the under-sampled data and G is the matrix associated with pseudo-random projections onto on/off masks. l 1 regularization allows for enforcement of sparseness/compressibility in the wavelet basis Φ while finding the best fit for y to the pseudo-randomly masked data [4] . After the data vector y is recovered, it can be used to estimate the 3D fluorescence distribution using regularization algorithms [5] .
Results
Spatial compressibility of fluorescence tomography data can be studied in a best basis pursuit fashion [7] by observing the percentage of zero coefficients when represented in different bases. We perform a best basis pursuit search over orthogonal and bi-orthogonal wavelet bases for fluorescence tomography data from a phantom study. Fig. 1 (a-d) show a fluorescence emission image and its compressed versions using three different wavelet kernels; Haar, Daubechies 68, and bi-orthogonal 3.9 [8] that were among the pool of wavelet bases used in the best basis pursuit. For each image the percentage of zeros as well as the retained energy are listed. As also demonstrated in Fig. 1 , we find from a best basis pursuit search that bi-orthogonal 3.9 wavelet kernel performs best for compressing this sample image and similar fluorescence tomography images.
The original fluorescence emission image depicted in Fig. 1 (e) with 10 4 pixels was under-sampled by a rate of 15 sub-Nyquist using pseudo-random on/off masking [4] and then reconstructed by l 1 regularization in biorthogonal 3.9 wavelet basis. The reconstructed image is depicted in Fig. 1 (f) . It can be observed that l 1 regularization in bi-orthogonal 3.9 basis can reconstruct the image with almost no major artifacts. However, while visual inspection of reconstructed data can provide insight into the performance of the proposed method, the quality of the proposed method must be assessed by examining the 3D reconstructions. Fig. 1 . Wavelet compression/reconstruction of fluorescence tomography data: a) Fluorescence emission from a fluorophore filled tube placed in a 1.4cm thick liquid slab phantom. b) Image compressed using Haar wavelet basis. c) Image compressed using Daubechies 69 wavelet basis. d) Image compressed using bi-orthogonal 3.9 wavelet basis. e) Same original image cropped to 100x100, rotated and resized graphically. f) Reconstructed image through l1 regularization using 15 order sub-Nyquist projections onto on/off masks.
To examine the proposed idea of using reconstructed images from under-sampled data, we apply it to a tissue phantom study. An intra-lipid 20% slab liquid tissue phantom, (10 cm by 10 cm by 1.5 cm) with Oxazine 750 (excited at 630 nm, emits at 700 nm) dye tubes with 1 mm thickness immersed in it, is imaged by a conventional fluorescence tomography system. The original data for 20 source positions are depicted in Fig. 2  (a) . We perform pseudo-random projections onto on/off masks with a 15 order sub-Nyquist rate on the data images with 10 4 pixels and reconstruct using l 1 regularization [9] to obtain the reconstructed data images as depicted in Fig. 2 (b) . Fig. 2 (c) shows the original distribution of fluorescent tubes, and Fig. 2 (d) depicts 3D reconstruction by regularized least squares [5] using the original data while Fig. 2 (e) depicts 3D reconstruction from under-sampled reconstructed data. reconstructed images using wavelet compressibility and l1 regularization, c) Measurement geometry for phantom study (tube size exaggerated) d) reconstruction using original data, e) reconstruction using compressively sensed reconstructed data.
Conclusions
This study demonstrates effectiveness of application of compressed sensing to fluorescence tomography for development of a compressive architecture for fast low-cost data acquisition. 3D reconstruction from compressive imaging is depicted in Fig. 2 (e) which is comparable in quality with reconstruction from conventional imaging as depicted in Fig. 2 (d) . CCD based image acquisition adds greatly to the cost of the system as collecting spatially dispersed and spectrally filtered photons requires expensive ultra-cooled CCD cameras. In this work we demonstrated a cost-effective compressive architecture for fast low-cost image acquisition in optical tomography. Exploiting the compressibility of fluorescence tomography data in biorthogonal 3.9 wavelet bases, a compressive architecture for image acquisition by pseudo-random on/off masking in fluorescence tomography was investigated. The results indicate the potential of compressive image acquisition architecture as a low-cost alternative to conventional CCD based image acquisition in fluorescence tomography.
